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PART TWO 
-- 

DETECTION RANGE AND ARRIVAL TIME ESTIMATES 

Roy Greenf ie ld  
Pennsylvania S t a t e  Univers i ty  

I. SUMMARY 

Est imates  a r e  given f o r  t h e  d i s t a n c e  from a seismometer a t  which a  miner 

can probably be de t ec t ed .  The procedure i n  making these  e s t ima te s  w a s  t o  

f i r s t  e s t a b l i s h  t h e  n a t u r a l  n o i s e  l e v e l s  a t  t h e  ou tput  of a s u r f a c e  seismometer 

f o r  t h e  25 t o  100 Hz frequency passband. The no i se  l e v e l s  g ive  t h e  range of 

va lues  which may be expected i n  a r e a s  wi th  no man-made no i se .  For each n o i s e  

l e v e l ,  we g ive  t h e  d e t e c t i o n  th r e sho ld  which, when exceeded, i n d i c a t e s  t h a t  

a  s i g n a l  has  been rece ived .  Based on the  s i g n a l s  recorded by Westinghouse, 

curves  a r e  given which show t h e  peak s i g n a l  amplitude as a  func t ion  of source- 

t o - r ece ive r  d i s t a n c e  ( s l a n t  range) .  Curves a r e  given f o r  t h e  Westinghouse 

se i smic  thumper, a  50-pound t imber ,  and a  s l edge .  For a given type  of sou rce ,  

t h e  r ece ive  s i g n a l  s t r e n g t h  depends more s t r o n g l y  on s l a n t  range than on any 

o t h e r  f a c t o r .  However, t h e r e  is approximately a  five-to-one s c a t t e r  i n  t h e  

ampli tudes.  Thus, f u r t h e r  s tudy  of f a c t o r s  a f f e c t i n g  t h e  s i g n a l  amplitude 

might a l low b e t t e r  e s t ima te s  t o  be  made f o r  any p a r t i c u l a r  geo log ica l  s e t t i n g .  

Combining t h e  s i g n a l  amplitude ' with t he  d e t e c t i o n  th r e sho lds  f o r  t h e  d i f -  

f e r e n t  no i se  cond i t i ons  g ives  t h e  d i s t a n c e s  a t  which a  miner should be d e t e c t e d .  

These a r e  given i n  Table l* below. 

Table 1 

Maximum Range ( i n  Fee t )  a t  Which a  Miner Could be Detected 

For a  S ing le  Sensor--Before Signal-to-Noise Improvement Techniques 
(Natura l  Noise and Average S igna l  S t rength  Assumed) 

Natura l  Noise Condition 
Source Type Low High Very High - 

Thumper 1600 1000 700 
Timber 1400 800 500 
Sledge 1200 700 400 

The t e x t  a l s o  g ives  t h e  i n c r e a s e  i n  d e t e c t i o n  ranges which should occur 

i f  s t e p s  a r e  taken t o  i nc rease  S / N  by 10 dB. We f e e l  t h a t  10 dB is  a  con- 

s e r v a t i v e  e s t i m a t e  of t h e  improvement p o s s i b l e .  

During an a c t u a l  rescue  ope ra t i on ,  t h e  s e i smic  crew and system should be 

capable  of making on - s i t e  e s t ima te s  of t h e i r  d e t e c t i o n  c a p a b i l i t y ,  based on 

measurements of t h e  s i t e  n o i s e ,  and upon t h e  b e s t  a v a i l a b l e  e s t ima te s  of t h e  

* References t o  F igu re s ,  Tables ,  and Equations apply t o  those  i n  t h i s  P a r t  
un l e s s  o therwise  no ted .  
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s i g n a l  s t r e n g t h s  t o  b e  expec ted .  T h i s  w i l l  a l l o w  t h e  s e i s m i c  r e s c u e  crew t o  

e s t i m a t e  t h e  l i k e l y  coverage a r e a  o f  t h e  s e i s m i c  sys tem,  f o r  d e t e c t i o n  of  a  

s i g n a l l i n g  miner  under  t h e  p r e v a i l i n g  n o i s e  c o n d i t i o n s ,  which w i l l  i n  t u r n  

a s s i s t  t h e  r e s c u e  team t o  de te rmine  a p p r o p r i a t e  s e a r c h  s t r a t e g i e s  f o r  t h e  

e n t r a p p e d  miners .  

The e f f e c t s  o f  n o i s e  on t h e  e s t i m a t e s  o f  s i g n a l  a r r i v a l  t i m e s  a r e  a l s o  

d i s c u s s e d .  The a r r i v a l  t i m e s  shou ld  b e  p icked  by an  a n a l y s t  from s t a c k e d  s i g -  

n a l s  from a l l  a v a i l a b l e  s i g n a l  r e p e t i t i o n s .  I t  i s  shown t h a t  f o r  low t o  mod- 

e r a t e  n o i s e  s i t u a t i o n s ,  t h e  s i g n a l  a r r i v a l  t i m e  a t  each s u b a r r a y  can be  d e t e r -  

mined t o  w i t h i n  a  few m i l l i s e c o n d s .  However, when t h e  n o i s e  i s  comparable t o  

t h e  s i g n a l ,  e r r o r s  of  1 0  t o  1 5  m i l l i s e c o n d s  can o c c u r ,  and i n  some c a s e s ,  i t  

might b e  p o s s i b l e  t o  p i c k  a  s i g n a l  a r r i v a l  t ime  which i s  50 t o  100 m i l l i s e c o n d s  

a f t e r  t h e  t r u e  a r r i v a l  t ime .  
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11. INTRODUCTION 

I n  t h i s  P a r t  e s t i m a t e s ,  based on exper imenta l  d a t a ,  a r e  made of t h e  

n a t u r a l  n o i s e  l e v e l s  encountered f o r  s u r f a c e  se ismometers ,  and a model f o r  

s i g n a l  l e v e l s ,  based on Westinghouse d a t a , * i s  developed a s  a f u n c t i o n  of 

s l a n t  r ange  and s o u r c e  type .  The n a t u r a l  n o i s e  l e v e l  e s t i m a t e s  a r e  a p p l i c a b l e  

t o  t h e  range  of c o n d i t i o n s  encounte red  when no man-made n o i s e  s o u r c e s  a r e  - 
p r e s e n t .  These n a t u r a l  n o i s e  l e v e l s  may b e  r e p r e s e n t a t i v e  o f  t h e  l e v e l s  

exper ienced  d u r i n g  a mine emergency r e s c u e  o p e r a t i o n  a t  t h o s e  t imes  when 

c a r e  h a s  been t a k e n  t o  c o n t r o l  t h e  r e s c u e  a c t i v i t y ' s  s e i s m i c  d i s t u r b a n c e s .  

F u r t h e r  exper imenta l  d a t a  i s  needed i n  o r d e r  t o  c h a r a c t e r i z e  t h e  man-made 

n o i s e  environment c r e a t e d  by r e s c u e  o p e r a t i o n s .  

Using t h e  above r e s u l t s ,  e s t i m a t e s  have been made f o r  t h e  d e t e c t i o n  range 

whicn can be  o b t a i n e d .  A l l  work i s  done f o r  a 25 t o  100 Hz bandpass .  Most 

o f  t h e  s i g n a l s  observed by Westinghouse have most o f  t h e i r  energy i n  t h a t  band. 

It  remains ( a s  n o t e d  i n  P a r t  Nine) t o  de te rmine  t h e  n o i s e  l e v e l s  above 

100 Hz b e f o r e  i t  i s  p o s s i b l e  t o  de te rmine  i f  t h e  band above 100 Hz w i l l  a i d  

i n  d e t e c t i o n .  I n i t i a l l y  d e t e c t i o n  r a n g e s  a r e  determined f o r  a s i n g l e  s e n s o r  

w i t h  no s i g n a l  p r o c e s s i n g .  Some e s t i m a t e s  a l s o  a r e  made of d e t e c t i o n  r a n g e s  

i f  s i g n a l  enhancement i s  s u c c e s s f u l .  A f t e r  t h e  d e t e c t i o n  d i s c u s s i o n , a  c h a p t e r  

w i l l  c o n s i d e r  how n o i s e  l e v e l s  a f f e c t  e s t i m a t e s  o f  s i g n a l  a r r i v a l  t imes  f o r  

use  i n  t h e  subsequent  l o c a t i o n  p r o c e s s .  

111. NOISE LEVELS 

We d e s i r e  t o  de te rmine  a d e t e c t i o n  t h r e s h o l d ,  which when exceeded i n d i -  

c a t e s  t h a t  a s i g n a l  i s  p r e s e n t  a t  t h e  o u t p u t  from a s i n g l e  s e n s o r .  I n  t h e  

Appendix t o  t h i s  P a r t ,  we show a r e a s o n a b l e  d e t e c t i o n  t h r e s h o l d  l e v e l  a s  

3 t imes  t h e  n o i s e  RMS l e v e l .  T h i s  w i l l  l e a d  t o  approx imate ly  1 f a l s e  a la rm 

each 100 seconds  on a s i n g l e  t r a c e ,  and v e r y  r a r e  f a l s e  a l a r m s  i f  c o i n c i d e n c e  

d e t e c t i o n  i s  used on t h e  o u t p u t s  o f  s e v e r a l  s u b a r r a y s .  

To e s t i m a t e ,  w i t h i n  t h e  t ime  a v a i l a b l e ,  t h e  s u r f a c e  n o i s e  l e v e l s  t o  b e  

e x p e c t e d ,  we c o n c e n t r a t e d  on t h e  n o i s e  d a t a  o f   rantt ti(') 1963 r a t h e r  t h a n  

t h e  n o i s e  measurements made by Westinghouse.  Th is  was done because  t h e  con- 

t a m i n a t i o n  o f  t h e  Westinghouse e a r t h  n o i s e  d a t a  by system n o i s e  weakened o u r  

conf idence  i n  t h e i r  n o i s e  data ( s e e  P a r t s  Nine,  Ten).  The F r a n t t i  d a t a  

a r e  f o r  l o c a t i o n s  f r e e  o f  obv ious  man-made n o i s e  s o u r c e s .  F r a n t t i  measured 

peak-to-peak average  envelope v a l u e s  a t  t h e  o u t p u t  of a 113  o c t a v e  f i l t e r .  

I n  c a s e s  where t h i s  envelope a v e r a g e  w a s  compared t o  t h e  RMS n o i s e  l e v e l ,  t h e  

* Westinghouse C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 
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enve lope  average  was s l i g h l y  h i g h e r .  I n  (A 6) of t h e  Addendum we show 

t h i s  i s  t o  b e  e x p e c t e d ,  b u t  t h e  d i f f e r e n c e ,  a  f a c t o r  of  1 . 7 ,  i s  n o t  impor tan t  

because  RMS n o i s e  l e v e l s  can b e  expec ted  t o  f l u c t u a t e  over  more t h a n  an  o r d e r  

of  magnitude a t  d i f f e r e n t  t i m e s  and l o c a t i o n s .  

W e  used 47 of  F r a n t t i ' s  n o i s e  c u r v e s  ( d a t a  f o r  deep mines and a  s i t e  n e a r  

t h e  ocean were e x c l u d e d ) .  For each  curve  t h e  s p e c t r a l  l e v e l  was r e a d  a t  25,  

50,  and 100 Hz. His tograms ( F i g u r e s  1, 2 ,  and 3) were formed f o r  each  f r e -  

quency. The RMS n o i s e  l e v e l s  exceeded 75% of t h e  t ime  (low n o i s e )  were d e t e r -  

mined f o r  each  f requency ,  and marked on t h e  h i s t o g r a m s .  T h i s  was a l s o  done 

f o r  t h e  RMS n o i s e  l e v e l s  exceeded o n l y  25% of  t h e  t ime  ( h i g h  n o i s e ) .  A s  a  

compar ison,  t h e  range  o f  l e v e l s  found by Westinghouse d u r i n g  t h e i r  mine f i e l d  

test  program a r e  a l s o  i n c l u d e d  on t h e s e  F i g u r e s .  The Westinghouse l e v e l s  a r e  

n o t  i n c o n s i s t e n t  w i t h  t h e  l e v e l s  p r e d i c t e d  by F r a n t t i .  

To proceed from t h e  RMS n o i s e  s p e c t r a l  e s t i m a t e s  t o  t h e  n o i s e  RMS o u t p u t  

l e v e l  of  a  25 t o  100 Hz f i l t e r ,  we used 

RMS75% = [ / i i "  ( f )  d f I 1 l 2  

f o r  t h e  "low n o i s e "  l e v e l  c o n d i t i o n .  The RMS (ampl i tude)  spec t rum,  ~ ( f ) ,  

used i s  p l o t t e d  on F i g u r e  4 .  The s i g n a l  d e t e c t i o n  t h r e s h o l d  was t h e n  s e t  a t  

3  times t h e  n o i s e  RMS o u t p u t  l e v e l .  The same c a l c u l a t i o n s  were made f o r  t h e  

(25%) "high n o i s e "  l e v e l  c o n d i t i o n .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  2 .  

T a b l e  2 

RMS Noise  Output  and D e t e c t i o n  Thresho ld  

Of a  25 To 100 Hz F i l t e r  

RMS Leve l  Exceeded 75% of  Time 
(Low Noise)  

RMS Leve l  Exceeded 25% of  Time 
(High Noise) 

D e t e c t i o n  Threshold  (Low Noise)  

D e t e c t i o n  Thresho ld  (High Noise)  

I V ,  SIGNAL LEVELS 

The b a s i s  o f  o u r  e s t i m a t e s  of  t h e  s e i s m i c  s i g n a l  l e v e l s  is  t h e  Westing- 

house  d a t a .  The maximum zero-to-peak ampl i tude  l e v e l s  f o r  t h e  s i g n a l s  a r e  

p l o t t e d  a s  a  f u n c t i o n  of s l a n t  r a n g e  i n  F i g u r e  5 .  The s o u r c e s  o f  d a t a  a r e  

g i v e n  i n  t h e  F i g u r e .  Curves have been drawn as e s t i m a t e s  of  t h e  s t r o n g  
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Noise RMS I P S I m  

Histogram of Number of Occurrences of Noise RMS Levels 
Natural Noise Levels Exceeded 75% and 25% of the Time are Indicated 

For Frequency = 25 Hz 

Westinghouse data for individual mines are included for comparison, and maximum and minimum noise levels are shown 
as open circles connected by lines. Ignore the vertical axis in relation to these data. Arrows pointing to the left indicate 
that system noise limited noise estimates for low noise periods. The Westinghouse data are taken from the Westinghouse 
Report Table 2-4. The order of the mines, going from the top of the figure to the bottom data points, corresponds to the 
field report numbers for the mines. 

FIGURE 1 NATURAL SEISMIC NOISE LEVELS: BASED ON FRANTTI 
DATA WHEN NO MAN-MADE NOISE IS PRESENT 
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Noise RMS I P S I G  
Westinghouse data for individual mines are included for comparison, and maximum and minimum noise levels are shown 
as open circles connected by lines. Ignore the vertical axis in relation to these data. Arrows pointing to the left indicate 
that system noise limited noise estimates for low noise periods. The Westinghouse data are taken from the Westinghouse 
Report Table 2-4. The order of the mines, going from the top of the figure to the bottom data points, corresponds to the 
field report numbers for the mines. 

FIGURE 2 NATURAL SEISMIC NOISE LEVELS: BASED ON FRANTTI 
DATA WHEN NO MAN-MADE NOISE IS PRESENT 



Arthur D Little, lnc. 



0 25 50 75 100 
Frequency (Hz) 

FIGURE 4 NATURAL SEISMIC NOISE LEVELS BASED ON FRANTTI 
DATA WHEN NO OBVIOUS MAN-MADE NOISE IS PRESENT 
(RMS AMPLITUDE SPECTRA) 



Slant Range (feet) 

SIGNAL DATA 

(Largest Zero to Peak Amplitude on Vertical Traces, Plotted for Three Sources, 
Thumper, Timber, Sledge Hammer.) 

1000 

Signal Data from Westinghouse 1972 Report, Estimated Detection Thresholds also 
shown for Natural Seismic Noise Background (Noise Data from Frantti, 1963). 

- - 0 Thumper Table 2-3 - 0 Timber - I Westinghouse '72 Report 
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FIGURE 5 SEISMIC SIGNAL AMPLITUDE PLOTTED VERSUS 
SLANT RANGE FROM TYPICAL SOURCES 
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and weak s i g n a l s  f o r  t h e  thumper,  t i m b e r ,  and s l e d g e  s o u r c e s .  These c u r v e s  

e n c l o s e  t h e  m a j o r i t y  of  t h e  d a t a ,  and are t h e  b a s i s  of  t h e  d e t e c t i o n  range  

d i s c u s s i o n  i 2  t h e  n e x t  c h a p t e r .  W e  b e l i e v e  t h a t  F i g u r e  5 r e p r e s e n t s  t h e  

b e s t  e s t i m a t e s  of s i g n a l  l e v e l  t h a t  we can  make a t  t h i s  t i m e ,  based on 

e x p e r i m e n t a l  d a t a  a v a i l a b l e  t o  u s .  

A s c a t t e r  of  a  f a c t o r  approx imate ly  5 e x i s t s  i n  t h e  ampl i tude  d a t a .  How- 

e v e r  t h i s  i s  n o t  unexpected.  S c a t t e r  of  t h i s  magni tude i s  q u i t e  common i n  

s e i s m i c  d a t a  around 1 Hz, and can r e f l e c t  any one of a  number of f a c t o r s .  I n  

t h e  c a s e  of  t h e  Westinghouse d a t a  t h e s e  f a c t o r s  p robab ly  i n c l u d e  s o u r c e  

c o u p l i n g ,  p r o p a g a t i o n  e f f e c t s ,  t h e  s o u r c e  r a d i a t i o n  p a t t e r n ,  and v a r i a t i o n  

of  t h e  low v e l o c i t y  a l l u v i u m  t h i c k n e s s  a t  t h e  se ismometer .  

We have a t t e m p t e d  t o  assess t h e  s o u r c e  r a d i a t i o n  p a t t e r n  e f f e c t  u s i n g  t h e  

d a t a  from F i e l d  Repor t  8*,Copper Queen Mine, F i g u r e s  2 . 4 . 3  and 2 .4 .4 ,  compiled 

i n  Tab le  2.4-3 o f  t h a t  r e p o r t .  I n  Tab le  3,  w e  show t h e i r  ampl i tude  r e a d i n g s  

f o r  b o t h  f i r s t  mot ion and f o r  maximum t r a c e  ampl i tude .  Only t h e  v e r t i c a l  

se ismometer  i s  used.  Also  shown i s  t h e  t h e o r e t i c a l  a m p l i t u d e ,  V of  t h e  m '  
v e r t i c a l  component f o r  a  p o i n t  v e r t i c a l  s o u r c e  i n  an  i n f i n i t e  medium. The Vm 

f o r  such  a  s o u r c e  i s  of t h e  form (Love, 1944 ,  p .  304-305). 

where r i s  s l a n t  r ange  

8 i s  t h e  a n g l e  between t h e  v e r t i c a l  and t h e  
s o u r c e - t o - r e c e i v e r  d i r e c t i o n  

and A is  a  c o n s t a n t  

The formula  g i v e n  i s  s t r i c t l y  v a l i d  o n l y  i f  t h e  r e c e i v e r  i s  many wavelengths  

from t h e  s o u r c e .  T h i s  r equ i rement  i s  n o t  w e l l  met i n  t h e  p r e s e n t  exper iment .  

We have s e t  A t o  f i t  t h e  obse rved  a m p l i t u d e  a t  t h e  se ismometer  on t h e  s u r f a c e  

d i r e c t l y  above t h e  s o u r c e ,  r e c e i v e r  1. The s o u r c e  and r e c e i v e r  l o c a t i o n s  a r e  

shown i n  F i g u r e  6 .  Values f o r  a  l / r  v a r i a t i o n  a r e  a l s o  g iven .  Again we norma- 

l i z e d  t o  r e c e i v e r  l. 

The r e s u l t s  i n  t h e  T a b l e  a r e  n o t  c o n c l u s i v e .  However i n  g e n e r a l ,  t h e  l / r  

f i t  i s  c l o s e r  t h a n  t h e  V f i t .  The V o f t e n  g r e a t l y  u n d e r e s t i m a t e s  t h e  m m 
a m p l i t u d e .  

The d a t a ,  on F i g u r e  5  o b t a i n e d  from p l o t  38 of  F i e l d  Repor t  8*, ( p l o t  38 

i s  reproduced h e r e  a s  F i g u r e  7a) i s  of  i n t e r e s t .  These d a t a  were o b t a i n e d  

f o r  a  thumper s o u r c e  p u t  i n  t h e  Copper Queen Mine, 900 f e e t  below t h e  s u r f a c e .  

* I b i d .  
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T a b l e  3 

Source  P a t t e r n  E f f e c t s  ( C o ~ p e r  Queen Mine) 

a )  F i r s t  Motion Peak ( ~ I P S )  

Rece ive r  
1 2 3 

Source  ( I ) ,  Timber 
Observed 
Theory,  V 
l / r   ariap pion 

Source  ( 2 ) ,  Thumper 
Observed 
Theory,  

'm 
l / r  V a r i a t i o n  

Source  ( I ) ,  Timber 
Observed 
Theory 
l / r  V a r i a t i o n  

Source  (2)  Thumper 
Observed 
Theory 
l / r  V a r i a t i o n  

b )  Maximum T r a c e  Amplitude ( p ~ p ~ )  

Rece ive r  
1 2 3 
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FIGURE 6 SOURCE-RECEIVER LOCATIONS FOR COPPER QUEEN MINE 
WESTINGHOUSE SIGNAL STRENGTH EXPERIMENT 
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Seismometers were a t  t h e  7001 ,  4 0 0 1 ,  3 0 0 1 ,  2 0 0 1 ,  and s u r f a c e  l e v e l s  d i r e c t l y  

above t h e  s o u r c e .  The f a l l - o f f  of  ampl i tude  i s  s l i g h t l y  g r e a t e r  t h a n  l / r .  

Another impor tan t  o b s e r v a t i o n  i s  t h a t  t h e  s u r f a c e  seismometer h a s  a  peak f r e -  

quency of  about  50 Hz w h i l e  t h e  peak f requency on t h e  below-surface  seismometer 

( a t  200 f e e t )  i s  about  100 t o  125 Hz. 

The ampl i tude  on t h e  s u r f a c e  seismometer i s  on ly  about  1 / 3  t h a t  of t h e  

seismometer a t  t h e  200' l e v e l .  The reason  f o r  t h e  change i n  ampl i tude  may 

be e i t h e r  a t t e n u a t i o n  i n  t h e  low v e l o c i t y  s u r f a c e  l a y e r  o r  a  resonance  e f f e c t  

on t h e  waves due t o  t h e  low v e l o c i t y  s u r f a c e  l a y e r .  There i s  some i n d i c a t i o n  

t h a t  t h e  l a t t e r  i s  t h e  major  f a c t o r .  Namely, p l o t  39 of F i e l d  Report  8* 

( reproduced a s  F i g u r e  7b) r e v e a l s  t h a t  an  i n i t i a l  %lo0  Hz s i g n a l  i s  propagated 

downward through t h e  s u r f a c e  l a y e r  from a  s u r f a c e  s o u r c e  t o  t h e  below-surface  

se ismometers .  However, t h e  i n i t i a l  p a r t  of t h e  s i g n a l s  a r e  fol lowed i n  t ime 

by %40 Hz energy l e a k i n g  downward from t h e  r e s o n a n t  s u r f a c e  l a y e r .  

I t  i s  f e l t  t h a t  f u r t h e r  s y s t e m a t i c  exper iment ,  and t h e o r e t i c a l  a n a l y s i s  

o f  r e l e v a n t  models of s o u r c e  and p ropaga t ion  e f f e c t s ,  a r e  r e q u i r e d  t o  improve 

e s t i m a t e s  of t h e  s i g n a l  s t r e n g t h  and c h a r a c t e r  i n  v a r i o u s  mine s i t u a t i o n s .  

V .  DETECTION RANGES - BASED ON EXPERIMENTAL DATA 

The i n i t i a l  d i s c u s s i o n  of  d e t e c t i o n  range  w i l l  be  f o r  a  s i n g l e  s e n s o r .  

I t  i s  based on F i g u r e  5  which g ives ,  e s t i m a t e d  s i g n a l  l e v e l s  and t h e  d e t e c t i o n  

t l l res l lo lds  r e q u i r e d  under  two n o i s e  c o n d i t i o n s .  The d e t e c t i o n  l e v e l  i s  s e t  

t o  g i v e  one f a l s e  a la rm every 100 seconds  on a  s i n g l e  s u b a r r a y  t r a c e ,  s o  a t  

t h i s  l e v e l  i t  w i l l  b e  n e c e s s a r y  t o  d e t e c t  on perhaps  t h r e e  s u b a r r a y s  t o  

s a f e l y  conclude t h a t  a  t r u e  s i g n a l  has  been r e c e i v e d .  C o n s i s t e n t  r e l a t i v e  

a r r i v a l  t imes  on t h e  s u b a r r a y s  w i l l  be  a  s t r o n g  i n d i c a t i o n  of  a  r e p e a t e d  

s o u r c e  a t  a  f i x e d  l o c a t i o n .  

I n  Tab le  4 we g i v e  t h e  maximum s l a n t  r anges  f o r  d e t e c t i o n  f o r  d i f f e r e n t  

combinat ions  of  s o u r c e  and n o i s e  c o n d i t i o n s .  The v a l u e s  i n  t h e  Table  a r e  

t h e  b e s t  e s t i m a t e s  of  d e t e c t i o n  range  we can make a t  t h i s  t ime  based on t h e  

exper imenta l  d a t a  a v a i l a b l e .  

I b i d  

Arthur D Little, Inc 



Arthur D Little, Inc 



Table  4  

Maximum S l a n t  Range f o r  D e t e c t i o n  ( F e e t )  

For  a  S i n g l e  Sensor--Before Signal- to-Noise  Improvement Techniques 
(For N a t u r a l  Noise  Condi t ions )  

N a t u r a l  Noise  Condi t ion  
Low (75%) High (25%) 

Source  Thresho ld  Thresho ld  

S t r o n g  Thumper S i g n a l  > 2000. 1400. 
Weak Thumper S i g n a l  1300. 700. 

S t r o n g  Timber S i g n a l  
Weak Timber S i g n a l  

S t r o n g  S ledge  S i g n a l  
Weak S ledge  S i g n a l  

A t  t h i s  p o i n t  w e  make some s p e c u l a t i v e  estimates of t h e  d e t e c t i o n  t h r e s h -  

o l d s  r e q u i r e d  under  c o n d i t i o n s  f o r  which t h e  n o i s e  d a t a  b a s e  i s  weak, namely 

f o r  "maximum" n a t u r a l  n o i s e  c o n d i t i o n s .  By i n s p e c t i o n  of F i g u r e s  1, 2 ,  and 3 ,  

i t  a p p e a r s  t h a t  t h e  n a t u r a l  n o i s e  l e v e l  r a r e l y  r i s e s  a b o u t  3  t imes  t h e  25% 

d e t e c t i o n  t h r e s h o l d  o f  F i g u r e  5. T h i s  t h r e s h o l d , d e n o t e d  a s  Max., i s  shown 

on F i g u r e  8. Also shown a r e  t h e  s i g n a l  l e v e l  c u r v e s .  W e  s p e c u l a t e  t h a t  S/N 

improvement t e c h n i q u e s  can g i v e  a  g a i n  of 1 0  dB a t  a l l  t h r e e  n o i s e  l e v e l s .  

The f i g u r e s  of 1 0  dB would b e  t h e  S/N g a i n  a g a i n s t  u n c o r r e l a t e d  n o i s e  f o r  a  

1 0  e lement  s u b a r r a y .  Gain o b t a i n e d  by b u r i a l  cou ld  a l s o  b e  s i g n i f i c a n t .  I n  

h i g h  l e v e l s  of  n a t u r a l  n o i s e  due t o  wind o r  r a i n  t h e  g a i n  by b u r i a l  cou ld  b e  

c o n s i d e r a b l y  above 1 0  dB. S i n c e  t h e r e  is  p r e s e n t l y  no d a t a  t o  a s s e s s  t h e s e  

g a i n s  w e  have t aken  t h e  modest v a l u e  of 1 0  dB between t h e  two. On t h i s  b a s i s  

w e  a l s o  p u t  c u r v e s  f o r  t h e  t h r e e  n o i s e  l e v e l  c o n d i t i o n s  w i t h  1 0  dB S/N improve- 

ment on F i g u r e  8. For  t h e s e  c o n d i t i o n s ,  t h e  e s t i m a t e d  d e t e c t i o n  r a n g e s  a r e  

g i v e n  i n  T a b l e  5. 

F u r t h e r  e x p e r i m e n t a l  d a t a  must b e  ana lyzed  b e f o r e  w e  can make any es t i -  

mate of t h e  d e t e c t i o n  ranges  i n  t h e  p r e s e n c e  of  man-made n o i s e  of t h e  t y p e  

and l e v e l  which might b e  p r e s e n t  d u r i n g  u n c o n t r o l l e d  r e s c u e  o p e r a t i o n s .  How- 

e v e r  i t  is  h i g h l y  p r o b a b l e  t h a t  heavy man-made n o i s e  would make d e t e c t i o n  

i m p o s s i b l e ,  u s i n g  o n l y  s u r f a c e  se i smomete r s ,  i f  t h e  s i g n a l i n g  miner  i s  more 

than  t e n s  o f  f e e t  t o  a  few hundred f e e t  from t h e  se ismometer .  

Arthur D Little, Inc. 
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FIGURE 8 COMPOSITE PLOT FOR ESTIMATING DETECTION RANGES 

Arthur D Little, fnc. 



Table  5  

Maximum S l a n t  Range f o r  D e t e c t i o n  ( F e e t )  

(For N a t u r a l  Noise Condi t ions  Only) 

Source 
N a t u r a l  Noise Condi t ions  

Max. Max. + 25% + 75% + 
S t r o n g  Thumper S i g n a l  950 1400 >2000 >2000 
Weak Thumper S i g n a l  425 700 1000 >2000 

S t r o n g  Timber S i g n a l  650 1050 >I500 >2000 
Weak Timber S i g n a l  375 550 800 >I500 

S t rong  S ledge  S i g n a l  550 900 1250 >2000 
Weak Sledge S i g n a l  300 450 625 >I400  

(+) I n d i c a t e s :  +10 dB SIN Improvement 

V I .  EFFECT OF NOISE LEVELS ON ARRIVAL TIME ESTIMATION ACCURACY - 
BASED ON EXPERIMENTAL DATA 

The two l i m i t s  on t h e  accuracy  o f  t h e  l o c a t i o n  of t h e  miner  a r e  t h e  

accuracy  of t h e  v e l o c i t y  model and t h e  accuracy  of t h e  r e a d i n g  of t h e  

a r r i v a l  t i m e  of t h e  P wave. The e f f e c t s  of d e f i c i e n c i e s  i n  t h e  v e l o c i t y  

models a r e  d i s c u s s e d  e l sewhere .  Here we c o n c e n t r a t e  on e r r o r s  i n  a r r i v a l  

t i m e  measurement due t o  t h e  p r e s e n c e  of s e i s m i c  background n o i s e .  Higher  

s i g n a l - t o - n o i s e  r a t i o s  a r e  needed f o r  a c c u r a t e  e s t i m a t e s  of a r r i v a l  t i m e s  

t h a n  t h a t  needed t o  s imply d e t e c t  a  miner-generated s i g n a l .  T h e r e f o r e ,  i t  

is  assumed t h a t  t h e  s i g n a l - t o - n o i s e  r a t i o  i s  improved by s t a c k i n g  r e p e a t e d  

s i g n a l s ,  i f  s i g n a l  r e p e t i t i o n s  have been r e c e i v e d .  

W e  d i s c u s s  t h e  e r r o r s  i n  a r r i v a l  t i m e  w i t h  r e f e r e n c e  t o  t h e  schemat ic  

g e n e r a l i z e d  s i g n a l  shown a s  F i g u r e  9.  Th i s  s i g n a l  i l l u s t r a t e s  s e v e r a l  

f e a t u r e s  of t h e  s i g n a l  waveforms which can a f f e c t  t h e  measurement of s i g n a l  

a r r i v a l  t i m e .  S e v e r a l  examples of t h e s e  f e a t u r e s  a r e  shown i n  F i g u r e s  1 0 a ,  

b ,  and c ,  which a r e  t r a c i n g s  of a c t u a l  s e i s m i c  s i g n a l s  t aken  from t h e  

Westinghouse F i e l d  Reports*  ( s e e  Tab le  6 f o r  i d e n t i f i c a t i o n s ) .  The s i g n a l  

i n  F i g u r e  9 h a s  a  f requency of 50 Hz ( p e r i o d ,  T  = 20 ms) which i s  an average  

f requency f o r  t h e  s i g n a l s  observed by Westinghouse.  

* I b i d  
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FIGURE 9 SCHEMATIC GENERALIZED SEISMIC SIGNAL 
(Applicable to Mine Data Obtained to Date) 
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FIGURE 10(a) TRACINGS OF ACTUAL SUMMED SIGNALS 
FROM WESTINGHOUSE FIELD REPORTS 
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FIGURE 10(b) TRACINGS OF ACTUAL SUMMED SIGNALS 
FROM WESTINGHOUSE FIELD REPORTS 
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FIGURE 10(c) TRACINGS OF ACTUAL SUMMED SIGNALS 
FROM WESTINGHOUSE FIELD REPORTS 
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Table  6 

Legend f o r  Trac ings  of Actuc l  
Summed S i g n a l s  Shown i n  F igu re s  10a,  b ,  & c  

Trac ing  
No . -__-_---_---_-_-__---------------------------------------------------------------- 
1. P l o t  23 F.R. 6 - 1 3  e l e ~ e n t  s u b a r r a y ,  30 blows -. 

.-) 
2 .  P l o t  35 F.R. 4 - 7  e k z e n t s  , 50 blows 

I 
3. It 

f 1  - 1 v e r t i c a l  , It blows I 

, 30 blows 
I 

L\ Figu re  10 (a) 
J 

/ 
5 .  P l o t  37 F.R. 7  - Array ( suba r r ay? )  2 ,  30 blows i 

, 
6 .  P l o t  4 1  " - Array 7 ,  30 blows 

\ 

7. Plot ,  42 " - Not known 30 b1ov.s I 

8. P l o t  13 " - Array 5  " b l o w s  ,I 

----_---------------------------------------------------------------------------- 
9 .  P l o t  36 " ? Slows 7 

10 .  F igu re  1 7 ,  F.3. 2 ,  ch .  5 ,  Sou th .  180 bicws 

11. F i g c r e  2 2 ,  F.R. 2 ,  ch3, 19 Hex a r r 3 y  3 1  blows 

1 2 .  F igu re  2 4 ,  F.R. 2 ,  7  e l e ~ e n t s  100 blows 

13 .  P l o t  1 5 ,  F.R. 8 ,  ch 5  15 blows 

' Figu re  10(b) 

I t  ch 2 

t  1  ch 7 ,  H o r i z o c t a l  

It blows I, 

t  t  2 
- - -- - - - - - - - - - 7 - 

1 6 .  P l o t  17 " ch 7 ,  

17 .  I' I t  ch 4 ,  

30 blows 

11 

18 .  P l o t  55 " ch 6 ,  25 blows 

19 .  P l o t  57 t  1  ch 3 ,  Arrsy i<, 7CC) ' le7;e1, 29 blcws / 
Figu re  10  (c )  

20 .  P l o t  35 c o m p ~ r i s o n  of s x a l l  5.rrays 339 s i n g l e  gea~phon2,  
a )  s i ng12  cl;arLnel, b )  p a - a l l e l ,  c) s e r i e 5  c c r r e c t i a :  

21. P l o t  15 ,  F.R.  9 ,  ch 2 and 3 ,  h o r i z o n t a l  ar-d v e r t i c z l ,  15  blo;,;s - J 
-------------------------------------------------------------------------------- 
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We assume t h a t  t h e  a r r i v a l  t ime is  p icked  by a  t r a i n e d  a n a l y s t ,  and we 

d i s c u s s  t h e  a r r i v a l  t ime e r r o r s  which might  a r i s e  f o r  d i f f e r e n t  l e v e l s  of  

n o i s e .  The t r u e  a r r i v a l  t ime of  t h e  s i g n a l  i s  T 
A *  

[ T ~  i s  t h e  t ime  of t h e  

s i g n a l  a t  p o i n t  A  and t h e  o t h e r  t imes  used (T 
B '  

TC, T  ) a r e  s i m i l a r l y  
D 

d e f i n e d . ]  I f  t h e  n o i s e  l e v e l  i s  v e r y  low, t h e  a n a l y s t  w i l l  p i c k  t h e  a r r i v a l  

t ime ,  denoted by AT, w i t h i n  1 m s  of  T  The f i r s t  peak B of  t h e  s i g n a l  i s  
A *  

u s u a l l y  s m a l l  compared t o  t h e  second peak C.  I f  t h e  n o i s e  l e v e l  i s  on ly  low 

enough t o  r e c o g n i z e  peak B ,  t h e n  he  p i c k s  T  a s  t h e  a r r i v a l  t ime .  T h i s  
B 

g i v e s  an  e r r o r  of abou t  4  m s .  However, i t  would be b e t t e r  t o  assume t h a t  

TB = TA + ~ 1 4 .  I f  t h i s  i s  done t h e  e r r o r  i n  AT w i l l  p robab ly  b e  reduced t o  

on t h e  o r d e r  of 2  m s .  

A  much l a r g e r  e r r o r  i n  a r r i v a l  t ime  can  occur  i n  c a s e s  when peak D i s  

l a r g e r  t h a n  peak C ,  and t h e  n o i s e  l e v e l  i s  such  t h a t  t h e  a n a l y s t  m i s s e s  

peak C ,  b u t  can p i c k  p e ~ k  D .  Examples of  s i g n a l s  where peak D i s  l a r g e r  

t h a n  peak C a r e  shown i n  F i g u r e  1 0  a s  t r a c e s  6 ,  8 ,  and 1 3 .  Peak D may be 

6 dB above peak C .  By p i c k i n g  T  s e v e r a l  c y c l e s  of t h e  s i g n a l  have been D '  
missed and t h e  e r r o r  i n  a r r i v a l  t i m e  w i l l  b e  50 t o  100 m s .  I f  T  i s  p icked  

C 
on some s u b a r r a y s  and T  on o t h e r s ,  v e r y  poor  l o c a t i o n s  w i l l  r e s u l t .  

D 
There  a r e  f o r t u n a t e l y  some t e l l t a l e  i n d i c a t i o n s  i f  t h e  i n i t i a l  few 

c y c l e s  of t h e  s i g n a l  have escaped d e t e c t i o n ,  and T  was p icked  a s  t h e  a r r i v a l  
D 

t i m e  by m i s t a k e .  F i r s t  i f  TD i s  p icked  on o n l y  one o r  two of seven  s u b a r r a y s ,  

t h e s e  t i m e s  w i l l  show up as l a r g e ,  l a t e  r e s i d u a l s  on t h e  l e a s t  s q u a r e s  f i t  

f o r  t h e  s o u r c e  l o c a t i o n .  A second i n d i c a t i o n  i s  t h a t  a  v e r y  l a r g e  s i g n a l  

may occur  on t h e  h o r i z o n t a l  se ismometers  a t  T  An example of  t h i s  l a r g e  
D '  

h o r i z o n t a l  mot ion i s  shown on F i g u r e  1 0 ,  t r a c e s  1 3  and 1 5  and 21. We b e l i e v e  

t h e  l a r g e  l a t e  a r r i v a l s  may b e  t h e  d i r e c t  S ( s h e a r  wave),  o r  a  s h e a r  wave 

g e n e r a ~ e d  when t h e  P wave h i t s  t h e  b a s e  of t h e  a l l u v i u m  l a y e r  below t h e  

r e c e i v e r .  A b e t t e r  unders tand ing  t h a n  we p r e s e n t l y  have might  a l l o w  a b e t t e r  

p o s s i b l i t y  of  t e l l i n g  whether  t h e  f i r s t  a r r i v a l  p icked  by t h e  a n a l y s t  i s  a  

T  t y p e  l a t e  a r r i v a l .  
D 

V I I .  EFFECT OF ALLUVIUM ON ARRIVAL TIME ESTIMATION ACCURACY 

The s u r f a c e  a l l u v i u m  h a s  a  ve ry  low P wave v e l o c i t y .  The v e l o c i t y  can be  

2000 f e e t l s e c .  o r  even less. Suppose a t  a  mine we have 50 f e e t  of  a l l u v i u m  

under  s u b a r r a y  A  and no a l l u v i u m  under  s u b a r r a y  B .  L e t  t h e  rock  P wave 

v e l o c i t y  b e  10,000 f e e t l s e c .  Then t h e  t r a v e r s e  time through t h e  a l l u v i u m  a t  
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s u b a r r a y  B w i l l  b e  5 m s .  Thus i f  a  l o c a t i o n  is  made w i t h  t h e s e  a r r i v a l  

t i m e s  w i t h  no c o r r e c t i o n  f o r  t h e  p r e s e n c e  of  t h e  a l luv ium a t  A ,  t h e  20 m s  

e x t r a  d e l a y  a t  A w i l l  have  t h e  e f f e c t  of  a  20 m s  a r r i v a l  t ime  r e a d i n g  e r r o r .  

A example of  t h i s  d e l a y  can b e  obse rved  d i r e c t l y  i n  F i g u r e  11. I n  F i e l d  

Repor t  8*, d a t a  i s  g iven  f o r  a  s o u r c e  a t  900 f e e t  d e p t h  w i t h  r e c e i v e r s  a t  

v a r i o u s  dep ths  and on t h e  s u r f a c e .  I n  our  f i g u r e  t h e  a r r i v a l  t i m e s  a r e  p l o t -  

t e d  v e r s u s  d i s t a n c e  from t h e  s o u r c e .  I f  t h e  t r a v e l  t ime curve  i s  e x t r a p o l a t e d  

from t h e  s t r a i g h t  l i n e  f i t  t o  t h e  l a s t  3  underground a r r i v a l s ,  t h e  t i m e  p re -  

d i c t e d  f o r  t h e  s u r f a c e  a r r i v a l  i s  16 m s  e a r l i e r  t h a n  t h e  obse rved  a r r i v a l  

t i m e  a t  t h e  s u r f a c e .  

T h i s  problem of t h e  e r r o r  i n  a r r i v a l  t i m e  due t o  t h e  a l l u v i u m  can b e  

c o r r e c t e d  by d e t e r m i n i n g  t h e  t h i c k n e s s  and v e l o c i t y  of  t h e  a l l u v i u m  a t  each 

s u b a r r a y .  T h i s  can p robab ly  b e s t  b e  done by an  e a s i l y  r u n  s h a l l o w  r e f r a c t i o n  

su rvey  u s i n g  e i t h e r  a  t i m b e r  o r  pe rhaps  a  s e i s m i c  thumper a s  a  s o u r c e .  Ref lec -  

t i o n  s e i s m i c  methods,  u s i n g  s p e c i a l  equipment ,  might a l s o  b e  u s e f u l .  Another  

method which might  p rove  usefu1,which we have  used a t  Penn S t a t e , i s  t o  u s e  t h e  

d i s p e r s i o n  p r o p e r t i e s  of t h e  Rayle igh waves se t  up w i t h  a  s l e d g e  s o u r c e .  

V I I I  . RECOJ9KENDED PROJECTS 
- - - - . - - - - - 

I n  o r d e r  t o  improve t h e  performance e s t i m a t e s  p r e s e n t e d  i n  t h i s  P a r t ;  

t o  b e t t e r  e v a l u a t e  t h e  u t i l i t y  o f  s i g n a l - t o - n o i s e  improvement t e c h n i q u e s  such  

a s  se ismometer  b u r i a l ,  bandpass  f i l t e r i n g ,  s u b a r r a y s  , and s i g n a l  s t a c k i n g ;  

and t o  develop more e f f e c t i v e  s i g n a l i n g  and d e t e c t i o n  s t r a t e g i e s ;  t h e  fo l low- 

i n g  e x p e r i m e n t a l  and t h e o r e t i c a l  e f f o r t s  a r e  recommended. 

Perform a  series of c a r e f u l  s e i s m i c  n o i s e  and s i g n a l  s t r e n g t h  measure- 

ments i n  E a s t e r n  c o a l  mining r e g i o n s .  These measurements s h o u l d  b e  performed 

by crews we l l -exper ienced  i n  s e i s m i c  and g e o p h y s i c a l  f i e l d  work. A t  each of 

t h e  s i tes  c a r e  s h o u l d  b e  t a k e n  t o  de te rmine  t h e  g e o l o g i c a l / s e i s m i c  s t r u c t u r e  

of t h e  overburden m a t e r i a l ,  s o  t h a t  t h e  e x p e r i m e n t a l  r e s u l t s  can  b e  compared 

w i t h  t h o s e  p r e d i c t e d  by d i f f e r e n t  t h e o r e t i c a l  models.  

- S e i s m i c  n o i s e  measurements s h o u l d  b e  performed i n  r e p r e s e n t a t i v e  E a s t e r n  

mining a r e a s  t h a t  a r e  " q u i e t " ,  i. e .  n o t  dominated by manmade n o i s e  s o u r c e s  ; 

and i n  a r e a s  and under  c i rcumstances  t h a t  a r e  r e p r e s e n t a t i v e  of t h o s e  encount-  

e r e d  d u r i n g  mine emergencies  o r  d i s a s t e r s .  Noise  spec t rum l e v e l s  s h o u l d  b e  

o b t a i n e d  up t o  a f requency of  300 Hz. The s p a t i a l  coherence p r o p e r t i e s  of 

( 4 , 5 )  t h e  n o i s e  s h o u l d  b e  s t u d i e d  as a  f u n c t i o n  of se ismometer  s p a c i n g ,  t o g e t h e r  

w i t h  t h e  u t i l i t y  of l o o k i n g  a t  i n d i v i d u a l  se ismometer  o u t p u t s  as opposed t o  

t h a t  from a  whole s u b a r r a y .  The impact  of  t h e  depth  and method of se ismometer  

* I b i d  
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b u r i a l  on t h e  r e c e i v e d  seismic n o i s e  s h o u l d  b e  examined by c a r e f u l  exper iments  

a t  s i t e s  w i t h  d i f f e r e n t  s u r f a c e  m a t e r i a l s .  A t  s i tes  over  mines where b o t h  

s i g n a l  and n o i s e  measurements a r e  p lanned ,  t h e  e f f e c t  of seismometer b u r i a l  

on b o t h  r e c e i v e d  s i g n a l  and n o i s e  l e v e l s  shou ld  b e  determined.  L a s t l y ,  r e p r e -  

s e n t a t i v e  manmade s o u r c e s  encounte red  d u r i n g  mine emergencies  shou ld  b e  char-  

a c t e r i z e d ,  t o g e t h e r  w i t h  some of  t h e  l i k e l y  d i s a s t e r  n o i s e  s o u r c e s  i n  t h e  

mine, such a s  f i r e s ,  running w a t e r ,  c r a c k i n g  r o c k s ,  and roof f a l l s .  

- C o n t r o l l e d ,  s y s t e m a t i c  s e i s m i c  s i g n a l  exper iments  s h o u l d  b e  performed 

w i t h  t h e  thumper, t i m b e r ,  s l e d g e ,  and perhaps  o t h e r  p r a c t i c a l  s o u r c e s ,  i n  

s e v e r a l  E a s t e r n  c o a l  mines t h a t  a r e  r e p r e s e n t a t i v e  w i t h  r e s p e c t  t o  d e p t h ,  

overburden geology,  and s u r f  ace  topography.  S i g n a l  p r o p e r t i e s ,  such a s  

s t r e n g t h  and f requency c o n t e n t ,  of s i n g l e  s o u r c e  blows o r  p u l s e s  shou ld  b e  

examined a s  a  f u n c t i o n  of type  of s o u r c e ,  e n t r y  c r o s s - s e c t i o n a l  d imensions ,  

p o s i t i o n  and composi t ion of  t h e  impact a r e a  i n  t h e  e n t r y ,  s o u r c e  and seismome- 

t e r  d e p t h s , s l a n t  r a n g e ,  n e a r - s u r f a c e  l a y e r s ,  and s e i s m i c  v e l o c i t y  p r o f i l e .  

The measurement band s h o u l d  e x t e n d  up t o  a  f requency of  about  300 Hz, t o  check 

whe ther  u s e f u l  s i g n a l  f requency c o n t e n t  above 100 EIz may have been  masked 

by system n o i s e  o r  l o s s y  s u r f a c e  l a y e r s  i n  p a s t  measurements. 

Perform s u p p o r t i n g  t h e o r e t i c a l  a n a l y s e s  t o  b e t t e r  unders tand  t h e  s i g n a l  

g e n e r a t i o n  and p r o p a g a t i o n  b e h a v i o r  expec ted  f o r  p r a c t i c a l  miner  s o u r c e s  

i n  c o a l  mines .  Items of p a r t i c u l a r  i n t e r e s t  a r e :  t h e  e f f i c i e n c y  of s e i s m i c  

s i g n a l  e x c i t a t i o n ,  t h e  e f f e c t  of t h e  mine e n t r y  c a v i t y  and t h e  s o u r c e  impact 

p o i n t  i n  i t ,  t h e  e f f e c t s  of l a y e r i n g  i n  g e n e r a l  and t h e  s u r f a c e  l a y e r  i n  

p a r t i c u l a r .  P r e l i m i n a r y  a n a l y s i s  i n d i c a t e s  t h a t  i t  s h o u l d  b e  p o s s i b l e  t o  

model t h e  mine e n t r y  problem a s  a  p o i n t  s o u r c e  a p p l i e d  t o  t h e  s u r f a c e  of a  

c y l i n d r i c a l  c a v i t y ;  and t h a t  s u r f a c e  l a y e r i n g  e f f e c t s  can b e  examined u s i n g  
( 6 )  

H a s k e l l  m a t r i x  t e c h n i q u e s .  

Develop a u t o m a t i c  d e t e c t i o n  p rocedures  t h a t  w i l l  choose on ly  t h e  most 

" i n t e r e s t i n g "  s e i s m i c  energy a r r i v a l s ,  o r  p r o b a b l e  miner  s i g n a l s ,  f o r  d e t a i l -  

e d  examina t ion  by a  t r a i n e d  a n a l y s t .  An a u t o m a t i c  d e t e c t i o n  o r  e v e n t  s c r e e n -  

i n g  p rocedure  need n o t  b e  complex, and i n  i t s  s i m p l e s t  form c o u l d  b e  based  

on t h e  exceedance of a  p r e s e t  t h r e s h o l d  on one o r  more se ismometers  o r  sub- 

a r r a y s ,  and s e t  a c c o r d i n g  t o  t h e  p r e v a i l i n g  n o i s e  c o n d i t i o n .  T h i s  s h o u l d  

e a s e  t h e  l a r g e  d a t a  p r o c e s s i n g  burden t h a t  o t h e r w i s e  would b e  imposed on 

a n a l y s t s  under  emergency c o n d i t i o n s .  However, i t  is n o t  i n t e n d e d  t o  r e p l a c e  

t h e  t r a i n e d  a n a l y s t ,  f o r  h e  is  t h e  one who w i l l  b e  b e s t  q u a l i f i e d  t o  a s s e s s  

t h e  l i k e l y  cause  of  t h e  r e c e i v e d  waveform, and t o  s u b s e q u e n t l y  a s c e r t a i n  i t s  
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" a r r i v a l  t ime",  a f t e r  any r e q u i r e d  s i g n a l - t o - n o i s e  r a t i o  enhancement. 

(~t Develop an a b i l i t y  t o  d e t e r m i n e ,  i n  a  t i m e l y  manner on s i t e ,  t h e  t h i c k -  

n e s s  and s e i s m i c  P-wave v e l o c i t y  of t h e  a l luv ium d i r e c t l y  under each of t h e  

s u b a r r a y s .  T h i s  i s  needed i n  o r d e r  t o  compensate t h e  s i g n a l  a r r i v a l  t i m e s  

f o r  t h e  l i k e l y  s u b s t a n t i a l  and d i f f e r e n t  amounts of t ime  t h e  s i g n a l  h a s  s p e n t  

i n  t h i s  l o w - v e l o c i t y ,  v a r i a b l e - t h i c k n e s s ,  s u r f a c e  l a y e r  t o  g e t  t o  each sub- 

a r r a y .  
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APPENDIX A 

RELATION OF PEAKS OF NOISE ENVELOPE TO RMS LEVELS 

The enve lope  of narrowband n o i s e  i s  g iven  by t h e  Rayle igh d i s t r i b u -  

t i o n  ( e .  g .  Hor ton ,  1969,  p .  96) . The r e s u l t s  we g i v e  below have exper imenta l -  

l y  been  found t o  f i t  wideband s e i s m i c  d a t a ,  ( s e e  Capon e t  a l .  1969). The 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  Is g iven  by: 
2 '2 p ( ~ )  =-B exp ( - ~ / 2 0  ) 

0 2 

wlierf R 2s Zhc 2 x 0  t o  peak ampl i tude  of t h e  envelope.  

Over one c y c l e ,  t h e  mean s q u a r e  (MS) v a l u e  i s  

1 T 2  - 
T l o  ( t )  d t  = + R~ 

Thus t h e  MS v a l u e  of.  narrowband n o i s e  i s  

= 1 lrn P (R) R~ dR 
2 0 -  

The p r o b a b i l i t y  of R exceed ing  R i s  
0 

I f  we t a k e  R = 3 RMS 
0 
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Then t h e  chances of t h e  envelope exceeding 3 RMS on a s i n g l e  t r i a l  

i s  about  one i n  .000123. We t a k e  3RMS as  a reasonable  s i n g l e  channel  

d e t e c t i o n  t h r e sho ld .  We n o t e  t h a t  f o r  a bandwidth of 75 Hz we g e t  an 

independent sample of R every 1/75 s e c .  Therefore  we go about 100 seconds 

between f a l s e  alarms on each channel .  

A u s e f u l  r e l a t i o n s h i p  i n  eva lua t i ng  F r a n t t i ' s  (1963) method of s p e c t r a l  

e s t i m a t i o n  i s  t h a t  

E [ ~ R ] / E  [RMS] = 2 1; R P ( R )  ~ R / E  [RMS] 
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